Salmonella enterica serovars Typhimurium and Dublin lysed primary bovine alveolar macrophages and immortalized J774.2 macrophage-like cells in the absence of either the morphological changes or DNA fragmentation characteristic of apoptosis. Macrophage lysis was dependent on a subset of caspases and an intact sipB gene.
There is currently great interest in the modulation of eukaryotic cell apoptosis by microbial pathogens. Several viral pathogens can inhibit apoptosis and this may allow viral replication in host cells, which would otherwise be cleared by normal immune mechanisms (reviewed in reference 22). In contrast, several facultative intracellular bacterial pathogens have been reported to induce apoptosis in host cells (16, 34) , and it is proposed that this will initiate an inflammatory response by the activation of interleukin-1 by caspase 1 (also known as interleukin-1-converting enzyme) leading to tissue damage and bacterial spread (reviewed in reference 33). However, this proposal is inconsistent with the widely held view that apoptosis limits the inflammatory response potentially associated with eukaryotic cell death (19) . In addition, the fate of the intracellular bacteria, which would presumably become trapped within the apoptotic cell, is unclear.
Some of the evidence that bacterially induced cell death is due to apoptosis is controversial. Several investigators have monitored cell death by the uptake of non-membrane-permeative dyes. However, the reported steady uptake over time of such dyes (5, 16 ) is inconsistent with cell death by apoptosis, in which the integrity of the plasma membrane is maintained until the onset of secondary necrosis, at which point there is a sudden and rapid loss of membrane integrity. In addition, terminal deoxynucleotidyltransferase-mediated dUTP-biotin nick end labeling (TUNEL) staining and several other assays detecting DNA fragmentation are not specific for apoptosis, since DNA fragmentation may also occur during necrosis (4, 8, 29) . Salmonella infection of macrophages induces the formation of TUNEL-positive cells, but it was not determined that the TUNEL-positive cells were apoptotic (5, 12, 16) . We have previously reported that Salmonella enterica serovars Typhimurium and Dublin induce a steady and rapid disruption of the plasma membrane of murine peritoneal macrophages and bovine alveolar macrophages (9, 27) . In the present study, we further investigated the mechanism of Salmonella-induced macrophage lysis.
Preparation of bacterial strains and eukaryotic cells. Salmonella serovar Typhimurium strains ST4/74, C5, and 14028 and Salmonella serovar Dublin strain SD2229 and its derivative sipB mutant, B1, have been described previously and characterized extensively (1, 3, 6, 7, 9, 10, 13, 18, 25, 27, 28, 31, 32) . Alveolar macrophages were isolated from healthy Friesian cattle by bronchoalveolar lavage as described previously (9) . J774.2 cells are immortalized, macrophage-like cells. Both cell types were incubated in Dulbecco's modified Eagle's mediumHam's F-12 nutrient mix without phenol red and containing 5% fetal calf serum and were infected with logarithmic-phase bacteria at a ratio of five bacteria to each eukaryotic cell. Overgrowth of extracellular bacteria in cell monolayers incubated for 20 h was prevented by using gentamicin in a manner similar to that of previous studies (7, 16) . Actinomycin-Dmannitol, an inducer of apoptosis, was added to control monolayers at a final concentration of 1 g ml
Ϫ1
.
Electron microscopy of macrophages. The ultrastructure of bovine alveolar macrophages was examined by transmission electron microscopy. The majority of macrophages infected with either serovar Typhimurium or serovar Dublin appeared to be necrotic, with a loss of pseudopodia and disrupted nuclear and plasma membranes (Fig. 1 ). These changes were evident at 3 h after infection and were considerably more severe at 20 h after infection. Incubation with actinomycin-Dmannitol for 3 h had little effect, but by 5 h, marginalization of condensed chromatin and membrane blebbing was apparent, and by 20 h, the majority of macrophages were undergoing secondary necrosis as a consequence of death by apoptosis. Opsonization of bacteria in 10% autologous bovine serum had little or no effect on the appearance of the monolayers compared to that of unopsonized bacteria (data not shown). Infection of J774.2 cells also induced a range of morphological changes which were not characteristic of apoptosis (data not shown).
Characterization of macrophage DNA. The mechanism of Salmonella-induced macrophage lysis was investigated further by examining macrophage DNA by electrophoresis for the characteristic laddering pattern associated with apoptosis. DNA was extracted by the method of Zychlinsky et al. (34) . There was no appearance of DNA laddering following infection of bovine alveolar macrophages with any of the Salmonella strains at either 3 h (Fig. 2 Effect of caspase inhibitors and mutation of sipB on macrophage lysis. Macrophage lysis was quantified by measuring the release of lactate dehydrogenase (LDH) from cell monolayers as described previously (9) . Peptide inhibitors of caspase 1 (Ac-YVAD-aldehyde) and caspase 3 (Ac-DEVD-aldehyde) (Bachem, Saffron Walden, United Kingdom) were added to the monolayers at a range of concentrations 1 h before infection. Macrophage lysis was measured at 3 h after infection with Salmonella and 20 h after the addition of actinomycin-D-mannitol (incubation with actinomycin-D-mannitol for only 3 h does not induce significant release of LDH). Ac-YVAD-aldehyde inhibited Salmonella-induced lysis of both bovine macrophages and J774.2 cells by 40 to 50% or more at a concentration of 50 M or above, but it did not inhibit lysis induced by incubation with actinomycin-D-mannitol (Fig. 3) . In contrast, Ac-DEVD-aldehyde inhibited actinomycin-D-mannitol-induced macrophage lysis over 20 h by 40 to 50% or more at concentrations of 100 M or above, but it did not inhibit Salmonella-induced macrophage lysis. Inhibition of actinomycin-D-mannitol-induced apoptosis by caspase 3 but not by caspase 1 inhibitors has been reported previously (15) . The present study confirmed that the inhibition of Salmonella-induced macrophage lysis was not due to a reduction in bacterial uptake and that it correlated to a reduction in interleukin-1 release by the macrophages (data not shown).
Macrophage lysis was significantly reduced (P Ͻ 0.001) by mutation of the sipB gene. In bovine alveolar macrophages, the release of LDH after infection with either wild-type serovar Dublin SD2229 or its derivative sipB mutant was 46.29% Ϯ 2.17% and 10.79% Ϯ 0.24%, respectively. In J774.2 cells, the corresponding LDH release was 93.37% Ϯ 0.21% and 12.50% Ϯ 0.06%. The LDH release from uninfected bovine alveolar macrophages and J774.2 cells was 9.69% Ϯ 0.56% and 10.06% Ϯ 0.27%, respectively. These data are the means of triplicate samples and are representative of three separate experiments. These results are in agreement with our previous observation that disruption of the type three secretion system 1 (TTSS-1) following mutation of the invH gene reduced lysis of bovine alveolar macrophages (27) . However, due to the pleiotropic nature of mutations affecting TTSS-1, which will affect the The remains of the marginalized, condensed chromatin are indicated with arrows, the cell is reduced in size, and although the cytoplasm is disintegrating, it is still relatively well contained by the plasma membrane. Micrograph negatives were scanned using a linotype Saphir flatbed scanner, and the image was converted to positive and the contrast was adjusted using Adobe Photoshop 3.0. Bar ϭ 2 m.
FIG. 2.
Characterization of DNA extracted from bovine alveolar macrophages infected for 3 h with Salmonella serovar Typhimurium ST4/74, C5, or 14028 or with Salmonella serovar Dublin SD2229. Uninfected macrophages were used as the negative control (Ϫve), and macrophages incubated with actinomycin-D-mannitol for 20 h were used as the positive control (ϩve). The original photograph of the gel was scanned using a Kodak DCS420 digital camera, and the contrast of the image was adjusted using Adobe Photoshop 3.0. Lanes M contain molecular size markers.
translocation of several effector proteins, these results do not implicate the direct involvement of any one TTSS-1-associated gene product in nonapoptotic macrophage lysis.
In summary, Salmonella-induced lysis of bovine alveolar macrophages did not have any of the typical characteristics of apoptosis (2, 14) . Specifically, there was no double-stranded, internucleosomal DNA cleavage and no morphological changes characteristic of apoptosis. Similar results were obtained during infection of J774.2 cells. Inhibition of caspase 3, one of the key execution molecules in apoptosis (reviewed in reference 20), did not prevent lysis of either bovine alveolar macrophages or J774.2 cells. Taken together, these results unequivocally demonstrate that Salmonella strains are able to kill bovine alveolar macrophages by a mechanism distinct from apoptosis and that other types of macrophages may be killed by a similar, nonapoptotic mechanism. This is in contrast to the conclusions of several other studies (5, 10, 13, 16) and has important implications for future studies of Salmonella-induced macrophage lysis, in which it cannot be assumed that lysis is a result of apoptosis without performing the appropriate, controlled experiments.
We have reproduced the reduction in Salmonella-induced macrophage lysis using a tetrapeptide inhibitor of caspase 1, as reported previously (10) . Although such inhibitors are not entirely specific (24) , the involvement of caspase 1 has been further demonstrated by the decrease in Salmonella-induced lysis of macrophages isolated from caspase 1 knockout mice (10) . However, the specific contribution of caspase 1 to apoptosis is controversial. The current evidence suggests that if it does have any role at all, it is either minor or redundant (reviewed in references 17, 20, and 30)). Macrophages from caspase 1 knockout mice are able to undergo apoptosis normally (11) , and therefore the reduction in Salmonella-induced lysis in these macrophages (10) is unlikely to be due to their inability to undergo apoptosis. Several recent studies have shown that necrosis may be less "accidental" or more regulated than previously thought, with some involvement of caspases and with regulatory links to apoptosis (23, 26 ; reviewed in reference 14) . Further study of the mechanism of Salmonellainduced macrophage lysis will shed light on the regulation and mechanism of cell death other than apoptosis and may also be applicable to cell death induced by other pathogens in which caspase 1, but not apoptosis, is involved (21). We acknowledge the skilled assistance of P. Monaghan, H. Cook, and T. Smith during the electron microscopic analysis.
